All relevant data are within the paper and its Supporting Information files.

Introduction {#sec001}
============

Seagrass beds, which occur with dense stands of vegetation in coastal and estuarine areas, can be contaminated by trace metals as a consequence of human activity \[[@pone.0157983.ref001]\] and can be a long-term biogeochemical sink of trace metals \[[@pone.0157983.ref002]\]. Seagrasses tend to be tolerant of the trace metal impacts in populations in contaminated areas \[[@pone.0157983.ref003]\]. However, because trace metals may affect benthic community health (e.g. Simpson et al. \[[@pone.0157983.ref004]\]) and faunal community structures in the ecosystems \[[@pone.0157983.ref005]\] because of their toxicity, trace metals in seagrass beds would be harmful pollutants in such ecosystems.

Plant litter and related biofilms have been suspected of having an important role in the cycling and biotransfer of trace metals in freshwater ecosystems \[[@pone.0157983.ref006]\]. In seagrass ecosystems seagrass leaves and epiphytes, which attach to the surface of seagrass leaves, are a major productive part of plants \[[@pone.0157983.ref007], [@pone.0157983.ref008]\], and the leaves can be stored efficiently in dense seagrass beds \[[@pone.0157983.ref009]--[@pone.0157983.ref011]\]. Because they can contain high concentrations of trace metals, at concentrations correlating to environmental concentrations \[[@pone.0157983.ref012], [@pone.0157983.ref013]\], they are suggested to have significant roles in the cycling of trace metals \[[@pone.0157983.ref014]--[@pone.0157983.ref016]\]. In addition, accumulation and remobilization of trace metals that occur in the leaves after shedding would be a key process of their biogeochemical deposition in natural seagrass beds. However, disturbances by waves and currents make it difficult to clarify their mechanisms in the natural field.

Few previous studies have focused on estimations of the variation in trace metal concentrations in seagrass beds. Lyngby and Brix \[[@pone.0157983.ref017]\] examined leaf decomposition of the seagrass *Zostera marina* (eelgrass) in a flow-through system to test the effects of shed leaves on the beds. Their results explain that the sedimentation of dead eelgrass leaves had higher concentration of lead and chromium and lower concentrations of cadmium than green, living leaves in natural eelgrass beds in the Limfjord, Denmark. However, their results could not explain the behaviour of zinc. The insufficient explanation for zinc may be the result of their experiments being performed using experimental seawater, which may have differed from that in the field, and by the complex conditions in the field that may not have been simulated in the experimental system.

Mesocosm experiments simulate natural field conditions. The mesocosm experiment using pools protected from physical disturbances have the advantage that we can extract biological, chemical, and biochemical interactions in individuals, populations, communities, and ecosystems. For seagrasses, mesocosm experiments have clarified the effects of water temperature on the life span of leaves in a seagrass population \[[@pone.0157983.ref018]\], species interactions in the community associating with seagrass \[[@pone.0157983.ref019]\], and the effects of nutrients in the water column and sediments on seagrass growth in seagrass ecosystems \[[@pone.0157983.ref020]--[@pone.0157983.ref022]\]. By using mesocosm experiments, the cycling mechanisms of trace metals in seagrass beds via the leaves may be revealed.

In this study, we focused on the sinking of Cu, Zn, Cd, and Pb in seagrass bed, because their fate and toxicity is commonly focused in seagrass beds \[[@pone.0157983.ref001]\]. We hypothesized that these trace metal could accumulate in the sediment in seagrass beds because of the effects of trace metals contained in the leaves before shedding and because of the accumulation and remobilization processes after the leaf shedding. To test these hypotheses, we performed two independent mesocosm experiments; one using a seagrass bed and the other using a bed without seagrass. We tested our hypotheses by comparing concentrations of these trace metals in the sediments in these mesocosm pools and by examining the accumulation and remobilization processes of the trace metals in the decomposed leaves in the mesocosm pool with seagrass. The seagrass *Zostera marina* (eelgrass), which is a common species in the northern hemisphere \[[@pone.0157983.ref023]\] and commonly used for research on trace metal dynamics \[[@pone.0157983.ref001]\], was used for these tests as the model species of seagrass.

Materials and Methods {#sec002}
=====================

Mesocosm experiments {#sec003}
--------------------

### Design of mesocosm facilities {#sec004}

Mesocosm experiments were conducted using two independent systems at the Port and Airport Research Institute located on Kurihama Bay (35°13ʹN, 139°43ʹE), where a natural eelgrass bed located \[[@pone.0157983.ref024]\], at the mouth of Tokyo Bay, Japan. Each system had an indoor experimental pool made of fiber-reinforced plastic, which was 3 m long and 2 m wide, and with 1.5 m depth above sediment ([Fig 1A](#pone.0157983.g001){ref-type="fig"}). Sandy sediment, with 0.13 mm median particle diameter, was collected from the middle of Tokyo Bay; elements targeted in this study have relatively high concentrations in Tokyo Bay compared to those in sediments in coastal and oceanic waters of Japan \[[@pone.0157983.ref025]\]. The sediment was placed to a depth of 0.4 m at the bottom of the pool, after homogenizing sediment quality. These pools were housed in a shed with a glass roof, a glass wall facing south, and walls on other sides to avoid atmospheric disturbances ([S1 File](#pone.0157983.s001){ref-type="supplementary-material"}). The pools used had similar designs, except that one had a window on the east while the other had a window on the west side of the pool. Sunlight came into each pool through the glass roof and wall facing south, and from the side window on each pool.

![Summary of mesocosm experiments.\
(A) Side and plane views of the eelgrass pool, (B) time series of experimental schedules, (C) water temperature in the eelgrass pool (Z. pool) and reference pool (R. pool), (D) total number of eelgrass shoots in the eelgrass pool, and (E) the shoot height of eelgrass. Closed circles and error bars for the shoot height indicate the mean and 1 standard deviation (n = 18 per month), respectively.](pone.0157983.g001){#pone.0157983.g001}

Eelgrass occurs in coastal areas in Japan \[[@pone.0157983.ref026]\]. Two hundred eelgrass shoots with rhizomes were collected in February 2004 from the Hashirimizu coast, 4 km northeast of Kurihama Bay, and were transplanted on same day in the pool with a window on the east side. The other pool, with a window on the west side, served as the reference pool and no eelgrass shoots were transplanted.

Seawater without any treatment was obtained for the two experimental systems via a facility pumping from Kurihama Bay and was transported twice each day with every semi-diurnal tide with a 24% exchange rate at 0.5--1.0 m in water depth. Waves were generated with a 5--7 cm height and a 2.0 s period for each pool. The water column temperature in Kurihama Bay ranges from 11°C (February) to 26°C (September) seasonally and is usually over 30 PSU in salinity \[[@pone.0157983.ref027]\], and does not show distinct seasonal variations in nutrients, which range between 7--23 μM for ammonium, 19--29 μM for nitrate + nitrite, and 0.03--1.65 μM for phosphate (T. Hibino pers. comm.). The salinity and pH of the seawater in mesocosm pools were 29--35 PSU and 7.8--8.3 during this experiment, respectively \[[@pone.0157983.ref018]\].

### Monitoring of water temperature and eelgrass growth {#sec005}

Samplings and experiments started 1.5 years after transplantation to permit the plants to recover from the stress of transplantation ([Fig 1B](#pone.0157983.g001){ref-type="fig"} and [S1 File](#pone.0157983.s001){ref-type="supplementary-material"}). Water temperature was monitored, after the transplantation in the eelgrass and reference pools, using a water quality meter (U-21XD, Horiba, Japan). The total number of eelgrass shoots and shoot height in the eelgrass pool were measured to assess eelgrass growth after the transplantation by the end of the samplings. The total number of shoots was counted every one or two months. The height of eelgrass shoots was measured every month for 18 randomly chosen shoots in the pool. Emerged macroalgae were removed each day eelgrass growth was monitored. Eelgrass was not present in the reference pool during this study.

### Sediment sampling {#sec006}

Sediment was sampled in July, September, and December 2005, and March 2006 ([Fig 1B](#pone.0157983.g001){ref-type="fig"}) from both pools after seawater levels decreasing in calm conditions to approximately a 10 cm depth above the sediment. Sediment was sampled using a cylindrical core, 2.9 cm in diameter and approximately 10 cm in length. Surface sediments of 1 cm thickness were sliced after carefully pushing out the sediment at the top of the core. Bottom sediment between 5 and 7 cm from the top of the core was taken from the sediment using the same technique. If the sample included noticeable organisms, such as eelgrass rhizomes, they were removed from the sample. Three replicate cores of sediment were randomly taken from each pool. However, a sample of bottom sediment in the reference pool in March 2006 was not obtained because of collapse during sampling. The samples were freeze-dried after sampling.

### Eelgrass leaf and epiphytes sampling {#sec007}

Eelgrass leaves and epiphytes were sampled from the eelgrass pool every month between July 2005 and September 2006 ([Fig 1B](#pone.0157983.g001){ref-type="fig"}). Five replicate shoots were sampled randomly. Because it was necessary to standardize leaf age so as to avoid variations in trace metal elements due to age differences \[[@pone.0157983.ref014], [@pone.0157983.ref017]\], we defined the third-youngest leaves as the standard age because they were less damaged and had less epiphyte growth than more mature leaves \[[@pone.0157983.ref018]\], and obtained the age leaf from the shoots. However, leaves were not obtained in September 2005 because there was no plant having the third-youngest leaves because of short leaf life span in the month \[[@pone.0157983.ref018]\].

Samples were freeze-dried immediately after sampling. Epiphytes were obtained from samples of eelgrass leaves taken from October 2005 to September 2006. The epiphytes were gathered after the freeze-drying because of easy removal from the leaf by desiccation. Because the mass of epiphytes obtained from an eelgrass leaf was not sufficient for subsequent analyses, epiphytes obtained from all leaves sampled within a month were pooled for analysis. In total, 10 monthly pooled samples were obtained. Here, we define an eelgrass leaf without epiphyte removal as 'eelgrass leaf with epiphytes' and with epiphyte removal as 'eelgrass leaf'.

### Decomposition experiment {#sec008}

Three separate experiments of decomposing eelgrass leaves with epiphytes were designed and each was run for approximately eight weeks in the eelgrass pool ([S1 Table](#pone.0157983.s004){ref-type="supplementary-material"}). For the first experiment (EX1), eelgrass leaves with epiphytes shed on the sediment surface but before fragmented were randomly sampled. However, because the leaves shed on the sediment surface may have started to decompose, the third-youngest leaves with epiphytes were sampled from live shoots for other experiments, EX2 and EX3. Collected leaves were placed into a mesh bag system in each experiment. The mesh bag system had an inside mesh bag, 27 cm × 20 cm in size and a 2-mm mesh size to sieve leaf fragments, and an outside mesh bag, with \<1 mm mesh size, to prevent contamination by fragments from outside of the mesh bag system. The mesh bag system was suspended in the water column in the eelgrass pool during each experiment. Five replicates were sampled from the mesh bag on each sampling day ([S1 Table](#pone.0157983.s004){ref-type="supplementary-material"}). During sampling, a few leaves that maintained their shape in the inside mesh bag were randomly taken. However, if leaves in the bag were broken due to decomposition, their fragments were randomly taken as a sample. These samples were freeze-dried immediately.

Because water temperature is a key factor of the epiphyte growth on eelgrass leaves in the mesocosm pool \[[@pone.0157983.ref018]\], the temperature that the experimental leaves experienced before they were sampled was calculated. Because the age of leaves for EX2 and EX3 were obviously the third-youngest, the number of days that experienced temperature was calculated to be 37 by multiplying the average number of days in the plastochrone interval in the mesocosm pool (14.9 days \[[@pone.0157983.ref028]\]) by 2.5, which is the average plastochrone interval for the third-youngest leaf. Although the leaves for EX1 were sampled from the shed leaves on sediment, the age of the leaves was also assumed to be the third-youngest. Thus, its days of experienced temperature were calculated by the same rule as for EX2 and EX3.

Chemical analysis {#sec009}
-----------------

Samples of eelgrass leaves, epiphytes, decomposed leaves, and sediment were analyzed for Cu, Zn, Cd, and Pb after homogenization. Approximately 200 mg of epiphytes and decomposed leaf samples were taken for analysis and digested at 600 W for 30 min in 2.5 mL of high purity nitric acid (Kanto Chemical Supplies, Japan) using a microwave (MDS-2000, CEM, Matthews, North Carolina, USA). For eelgrass leaves, approximately 50 mg samples were digested at 140°C for 100 min in 3 mL of high purity nitric acid (Wako Supplies, Japan) using a microwave digestion system (Speedwave 2, Berghof, Eningen, Germany). Sediment samples of approximately 5 g were digested at 150°C for 5--6 h in a high purity acid (Kanto Chemical Supplies, Japan) mixture containing 30 mL nitric acid, 20 mL hydrochloric acid, and 5 mL perchloric acid.

The target metals Cu, Zn, Cd, and Pb in the digests were analyzed using inductively coupled plasma mass spectrometry for epiphytes and decomposed leaves (HP-4500, Agilent Technologies, Santa Clara, California) and for eelgrass leaves (Agilent 7500C, Agilent Technologies, Santa Clara, California). The sediment metals were analyzed using inductively coupled plasma atomic emission spectrometry (Z-8200, Hitachi, Tokyo, Japan). The QA/QC was monitored using a series of internal quality control standards.

Blanks were analyzed together with samples. The detection limits of the procedure were calculated from blanks in each sequence. Detection limits were generally sufficiently low that differences between reference and test locations could be detected. For some eelgrass leaf samples, sufficient mass was not available and some 40% of samples had lead concentrations that were below detection limits ([S2 Table](#pone.0157983.s005){ref-type="supplementary-material"}). Nevertheless, this did not affect the overall data interpretation. Less than 2% of cadmium concentrations in eelgrass leaves were below detection limits. Trace metal concentrations were expressed in micrograms of element per gram of dry bulk sample. Epiphytes, decomposed leaves, and sediments were analyzed in the laboratory of IDEA Consultants, Inc. Eelgrass leaves were analyzed in the laboratory of the Port and Airport Research Institute.

Eelgrass leaves, epiphytes, and sediment were analyzed for C and N content to assess their distributions in the eelgrass and reference pools. In addition, the stable isotope ratio of C (δ^13^C) was measured in eelgrass leaves, epiphytes, the initial leaves for decomposition experiments, and surface sediment to determine the partitioning of eelgrass leaves and epiphytes on the decomposed leaves and on surface sediment. Furthermore, the stable isotope ratio of N (δ^15^N) was measured in eelgrass leaves, epiphytes, and the decomposed leaves. All samples were defatted using a methanol/chloroform (2:1, v/v) solution for accuracy of δ^15^N before analysis. In addition, because δ^13^C could not be accurate if samples include carbonates, sediment samples were acidified to eliminate carbonates using 1 M hydrochloric acid \[[@pone.0157983.ref029]\]. Samples for eelgrass leaves, epiphytes, and the leaves for the decomposition experiment were not acidified, because carbonates must be measured for determination of the weight ratio of epiphytes on the leaves, which were mainly crustose coralline algae \[[@pone.0157983.ref018]\]. The samples were analyzed using a Delta Plus Advantage mass spectrometer (Thermo Electron, Bremen, Germany) coupled with an elemental analyzer (Flash EA 1112, Thermo Electron) and a Delta Plus mass spectrometer (Thermo Finnigan, Bremen, Germany) coupled with an elemental analyzer (EA 1110, CE Instruments, Milan, Italy). Stable isotope ratios are expressed in δ notation as the deviation from standards as follows: $$\delta^{13}C\ {or}\ \delta^{15}N = \left\lbrack {R_{sample}/R_{standard} - 1} \right\rbrack \times 10^{3},$$ where *R* is ^13^C/^12^C or ^15^N/^14^N. Pee Dee Belemnite and atmospheric nitrogen were used as the isotope standards of carbon and nitrogen, respectively.

Because the amount of an epiphyte sample was slight, it was used only for the analysis of δ^13^C and δ^15^N; i.e., the number of samples of epiphytes was 10 for the analysis of δ^13^C and δ^15^N and 9 for chemical analyses of trace metals and of carbon and nitrogen.

Data analyses {#sec010}
-------------

### Element concentrations in eelgrass leaves, epiphytes, and sediments {#sec011}

To assess the distributions of C and N content and trace metal elements (Cu, Zn, Cd, and Pb) in the eelgrass pool, their means, standard deviations, and standard errors were calculated. These statistics for eelgrass leaves, which were sampled over 15 months, were calculated for a year between October 2005 and September 2006, because epiphytes were obtained in these months. Concentrations in eelgrass leaves, epiphytes, and the surface sediment were compared using the Steel-Dwass test, which is a method to compute the *P*-value for non-parametric multiple comparison, by the pSDCFlig function \[[@pone.0157983.ref030]\] in R \[[@pone.0157983.ref031]\]. The Monte Carlo method with 10,000 iterations was used for the computations.

To assess the effects of above-ground productivity on the sediment variances of annual C and N contents, Cu, Zn, Cd, and Pb, variability in the elements among sediments were analyzed by the Kruskal-Wallis rank-sum test (the kruskal.test function in R \[[@pone.0157983.ref031]\]). Analyzed sediment groups were surface sediments in the eelgrass and reference pools, and bottom sediment in the eelgrass pool. Bottom sediment may not be affected by above-ground productivity. The bottom sediment in the eelgrass pool was used as a representative bottom sediment for the test. In addition, the all elements in the surface their trends with δ^13^C, which can be an indicator for sources of sediment and marine organisms in each pool \[[@pone.0157983.ref029], [@pone.0157983.ref032], [@pone.0157983.ref033]\], were tested in each pool by a linear model using the glm function in R \[[@pone.0157983.ref031]\]: 3 samples every 4 months, 12 samples in total in each pool.

Response variables for these analyses were log transformed, because there was a wide distribution with no negative values. However, normality was also analyzed in the linear models for C and N content and trace metal elements in the surface sediments to confirm the effects of data transformations in statistical results. Detection limits were used as substitutions of these samples for data analyses.

### Weight ratio of epiphytes on eelgrass leaf {#sec012}

Because the amount of epiphytes on eelgrass leaves may be a key factor in leaf decomposition, the weight ratio of epiphytes on the leaves (WRE; *r*) was determined. However, because it was impossible to measure the WRE in the decomposition experiment samples, it was inferred from elements in the initial leaves for decomposition experiments (IL), eelgrass leaves, and epiphytes that were obtained from the first day of EX1 and the first day of EX2 and EX3 in the previous year.

The WRE was estimated by the element combination of C and δ^13^C and by the combination of C, δ^13^C, N, and δ^15^N to confirm contributions of N and δ^15^N in the estimation, which may be easily loss in eelgrass leaves and epiphytes. Monthly averaged values and standard deviations for eelgrass leaves were used as a source values. However, because epiphytes were not sampled for replication within one month, annual averaged values and standard deviations were used as another source values.

The probability density of the WRE was determined by a stable isotope analysis, which is a Bayesian method assuming variability of parameters in sources and can estimate the ratio including uncertainties using a model fitting technique based on the Markov chain Monte Carlo (MCMC) method \[[@pone.0157983.ref034]\]. The WREs were estimated by 200,000 iterations and 50,000 burn-ins. The values by the MCMC were drawn every 15 iterations and extracted into a total of 10,000 iterations. Mean, standard deviation, and 95% of a Bayesian credible interval, which has a similar meaning to a classical confidence interval \[[@pone.0157983.ref035]\], were calculated from the estimated distribution of the probability density of the WRE.

### Leaf decomposition experiments {#sec013}

Trace metal elements in decomposed leaves were modelled to vary with variations in C content (e.g. Schaller et al. \[[@pone.0157983.ref036]\]). The metals were assumed to be generated by the following model: $$\log_{e}y_{ij} = \mathbf{A}_{ij} \cdot \mathbf{\beta}_{i} + \varepsilon_{ij},$$ where *y*~*ij*~ is the concentration of Cu, Zn, Cd, and Pb for the sample *j* (1 \~ *n*~*j*~) in the experiment *i* (1 \~ *n*~*i*~), and **A**~*ij*~ is a vector of explanatory variables, described as \[1, *C*~*ij*~\], where *C*~*ij*~ is the C content for sample *j* in experiment *i*. ***β***~*i*~ is a vector of parameters for explanatory variables in experiment *i*, described as \[*β*~1*i*~, *β*~2*i*~\]^T^. *ɛ*~*ij*~ is the error. Here, we used *ɛ*~*ij*~ that has a variance *σ*~*i*~^2^ and an independent and identical normal error distribution. Because error distributions for *ɛ*~*ij*~ may give misleading impressions on positive response variables \[[@pone.0157983.ref037]\], the response variable is the log-transformed *y*~*ij*~. The detection limit for cadmium was used as substitutions of these samples for this data analysis.

The model for the trends of trace metals in decomposed leaves was also a Bayesian method which deals with parameter distributions as probabilities ([S2 File](#pone.0157983.s002){ref-type="supplementary-material"}). The results will be combined with results of the WRE, which was determined by the Bayesian stable isotope analysis model \[[@pone.0157983.ref034]\], to estimate C content in IL. Parameters were sampled from posterior distributions by the MCMC with 3 chains and 50,000 iterations after a burn-in of 5,000 iterations per chain. Probability densities of the parameters were drawn every 15 iterations from the total 150,000 MCMC results and extracted 10,000 iterations in total. Mean and 95% of a Bayesian credible interval of parameters were calculated from the distribution of probability density.

Variability in Cu, Zn, Cd, and Pb during the decomposition process was predicted with the following equation; $$p\left( log_{e}y_{i}^{\prime} \middle| \log_{e}y_{i} \right) = {\iiint{p\left( log_{e}y_{i}^{\prime} \middle| \mathbf{\beta}_{i},\sigma_{i}^{2},C \right)p\left( \mathbf{\beta} \middle| log_{e}y_{i} \right)p\left( \sigma_{i}^{2} \middle| log_{e}y_{i} \right)p\left( C \right)d\mathbf{\beta}d\sigma_{i}^{2}dC}},$$ where *y′*~*i*~ is the predicted concentration of Cu, Zn, Cd, and Pb at a given C content. *p*() is the probability of parameter in the parenthesis. *p*(***β***~*i*~\| log~*e*~*y*~*i*~) and *p*(*σ*~*i*~^2^\| log~*e*~*y*~*i*~) are posterior density of parameters ***β***~*i*~ and *σ*~*i*~^2^ obtained by Eq ([1](#pone.0157983.e001){ref-type="disp-formula"}), respectively. *p*(*C*) is the distribution of C content for the prediction target. Here, prediction targets were set at the C content in IL (*C*(0)) and at the lowest C content in each decomposition experiment. *C*(0) is determined by the definition of the WRE (*r*) by the following equation; $$C\left( 0 \right) = \left( {1 - r} \right)C_{eelgrass} + rC_{epiphytes},$$ where *C*~eelgrass~ and *C*~epiphytes~ are C content in the eelgrass leaves and epiphytes, respectively. For the prediction at *C*(0), its probability density was estimated by *p*(*r*), *p*(*C*~eelgrass~), and *p*(*C*~epihytes~). *p*(*r*) is the estimated probability density of the WRE. *p*(*C*~eelgrass~) and *p*(*C*~epihytes~) were assumed to have normal distributions with the mean and standard deviation calculated from samples between October 2005 and September 2006. Predicting *p*(log~*e*~*y′*~*i*~ \| log~*e*~*y*~*i*~) was performed by 100,000 iterations. Its mean and 95% of a Bayesian credible interval were calculated from the predicted distribution of probability density.

Results {#sec014}
=======

Water temperature and eelgrass growth {#sec015}
-------------------------------------

Water temperature varied annually between 10°C and 30°C during the experiments in both the eelgrass and reference pools ([Fig 1C](#pone.0157983.g001){ref-type="fig"}). The number of eelgrass shoots varied annually without disappearance during samplings and experiments ([Fig 1D](#pone.0157983.g001){ref-type="fig"}). The minimum number of shoots was 154 in the first summer (August 2004) and the maximum number was 579 in March 2006. The height of eelgrass shoots also varied annually between 34 ± 13 cm in October 2005 (*n* = 18) and 160 ± 32 cm in June 2006 (*n* = 18) ([Fig 1E](#pone.0157983.g001){ref-type="fig"}).

Element concentrations in eelgrass leaves, epiphytes, and sediments {#sec016}
-------------------------------------------------------------------

Concentrations in C, N, Zn, and Cd were significantly greater in eelgrass leaves than in the surface sediment ([Fig 2A, 2B, 2D and 2E](#pone.0157983.g002){ref-type="fig"} and [S3 Table](#pone.0157983.s006){ref-type="supplementary-material"}). Carbon and nitrogen contents and Cd were more than 10-fold greater in eelgrass leaves than in the surface sediment, and was intermediate in epiphytes. Zinc was approximately 3-fold greater in eelgrass leaves than in the surface sediment and epiphytes, which were similar with no significant difference ([Fig 2D](#pone.0157983.g002){ref-type="fig"} and [S3 Table](#pone.0157983.s006){ref-type="supplementary-material"}). Copper concentrations were similar between eelgrass leaves and surface sediment, which were approximately 4-fold greater than in epiphytes ([Fig 2C](#pone.0157983.g002){ref-type="fig"} and [S3 Table](#pone.0157983.s006){ref-type="supplementary-material"}). Lead was similar between eelgrass leaves and epiphytes, and approximately 20-fold lower than in the surface sediment ([Fig 2F](#pone.0157983.g002){ref-type="fig"} and [S3 Table](#pone.0157983.s006){ref-type="supplementary-material"}).

![Annual element concentrations in eelgrass leaves (Leaf), epiphytes, surface sediments (SS) in the eelgrass pool.\
Elemental concentrations are for (A) carbon, (B) nitrogen, (C) copper, (D) zinc, (E) cadmium, and (F) lead. Closed circle and vertical bar are the mean and 1 standard deviation, respectively. The range between horizontal bars on the vertical bar is the 1 standard error. These statistics were calculated from log-transformed data but are shown in normal scale. \* *P* \< 0.05; \*\* *P* \< 0.01; \*\*\* *P* \< 0.001.](pone.0157983.g002){#pone.0157983.g002}

The carbon stable isotope ratio was −22.2 ± 0.6 (mean ± 1 standard deviation, *n* = 12) in the bottom sediment in the eelgrass pool, −22.1 ± 0.4 (*n* = 11) in the reference pool, −9.0 ± 0.4 (*n* = 4) in eelgrass leaves in September 2005 and −13.4 ± 2.1 (*n* = 5) in July 2006, and −9.7 ± 0.5 (*n* = 10) in an annual average in epiphytes. The carbon stable isotope ratio in the surface sediment ranged between these values (see x axes in [Fig 3](#pone.0157983.g003){ref-type="fig"}).

![Trend of the element concentrations vs. δ^13^C in the surface sediment and annual concentrations in bottom sediments.\
Element concentrations are for (A) carbon, (B) nitrogen, (C) copper, (D) zinc, (E) cadmium, and (F) lead. Closed and open circles are the measured data in the eelgrass and reference pools, respectively. Circles and bar in the bottom sediment are the mean and 1 standard deviation in the eelgrass pool (eel) and reference pool (ref). Solid and dashed lines in the surface sediment are the significant regression line for eelgrass and reference pools, respectively. *P*-values are indicated close to the related lines. Analyses were performed for log-transformed data, but results are shown in normal scale.](pone.0157983.g003){#pone.0157983.g003}

Variations in carbon and nitrogen concentrations were significant among surface and bottom sediments in the eelgrass pool, and surface sediments in the reference pool (Kruskal-Wallis rank-sum test; Kruskal-Wallis *χ*^2^ = 15.2, *df* = 2, *P* \< 0.001 for carbon; Kruskal-Wallis *χ*^2^ = 25.3, *df* = 2, *P* \< 0.001 for nitrogen). These elements in surface sediment increased significantly with δ^13^C in both pools ([Fig 3A and 3B](#pone.0157983.g003){ref-type="fig"}). Their trends were steeper in the eelgrass pool than in the reference pool ([S4 Table](#pone.0157983.s007){ref-type="supplementary-material"}). Maximum likelihood estimations of C and N in high observed δ^13^C were more than 10-fold in the eelgrass pool than in bottom sediment.

Variations in Cu, Zn, Cd, and Pb concentrations were not significant among surface and bottom sediments in the eelgrass pool, and surface sediments in the reference pool (Kruskal-Wallis rank-sum test; Kruskal-Wallis *χ*^2^ = 5.83, *df* = 2, *P* \> 0.05 for copper; Kruskal-Wallis *χ*^2^ = 4.86, *df* = 2, *P* \> 0.05 for zinc; Kruskal-Wallis *χ*^2^ = 2.85, *df* = 2, *P* \> 0.05 for cadmium; Kruskal-Wallis *χ*^2^ = 5.33, *df* = 2, *P* \> 0.05 for lead). However, concentrations in Cu, Zn, Cd, and Pb increased significantly with δ^13^C in the surface sediment in the eelgrass pool, but not in the reference pool ([Fig 3C, 3D, 3E and 3F](#pone.0157983.g003){ref-type="fig"} and see [S4 Table](#pone.0157983.s007){ref-type="supplementary-material"}).

Leaf decomposition experiments {#sec017}
------------------------------

The temperatures experienced by the leaves in the decomposition experiments were higher in EX1 and EX2 than the leaves in EX3 ([S1 Table](#pone.0157983.s004){ref-type="supplementary-material"}). The experimental temperature differed from the experienced temperature and was the highest in EX1, lowest in EX2 and moderate in EX3.

Carbon content showed approximately 15% differences between eelgrass leaves and epiphytes with relatively narrow standard deviation in each experiment ([Fig 4A](#pone.0157983.g004){ref-type="fig"}). Carbon content in IL was within their sources. Differences in distributions of δ^13^C, N, and δ^15^N in eelgrass leaf, epiphytes, and IL were unclear by comparing to those of carbon content ([Fig 4B, 4C and 4D](#pone.0157983.g004){ref-type="fig"}).

![Element concentrations for estimation of weight ratio of epiphytes on eelgrass leaves (WRE) in initial leaves (IL) for decomposition experiments, and the estimation results.\
(A) C content, (B) δ^13^C, (C) N content, and (D) δ^15^N are the concentrations for WRE estimation in IL. Open triangle and square mean eelgrass leaves and epiphytes, respectively; they are sources for estimating WRE in IL. Closed circle is the IL. Error bar indicates 1 standard deviation. The estimated probability distribution of the WRE is shown in (E). The solid line is the probability density of WRE determined by C content and δ^13^C. The dashed line is the density determined by C, δ^13^C, N, and δ^15^N. The density was shown as 100 fractions between 0.0 and 1.0 for 10,000 iterations.](pone.0157983.g004){#pone.0157983.g004}

The WRE estimated by carbon and δ^13^C were 0.634 ± 0.067 (Mean ± 1 standard deviation) with a 0.490--0.754 95% credible interval (C.I.) in EX1, 0.695 ± 0.046 with a 0.597--0.779 95% C. I. in EX2, and 0.192 ± 0.020 with a 0.155--0.232 95% C. I. in EX3 ([Fig 4E](#pone.0157983.g004){ref-type="fig"}). The WRE in EX3 was different apparently from those in EX1 and EX2. The WRE estimated by C, δ^13^C, N, and δ^15^N showed similar distributions in the WRE estimated by carbon and δ^13^C.

Carbon contents were between 21 and 35% in IL ([Fig 5A](#pone.0157983.g005){ref-type="fig"}) and decreased from the IL in each experiment ([Fig 5B](#pone.0157983.g005){ref-type="fig"}). The lowest carbon content in leaves during experiments was 11.2% in EX1, 14.9% in EX2, and 19.2% in EX3.

![Summary of results for decomposition experiments.\
(A) Estimated probability distributions of carbon content in initial leaves for decomposition experiments, and (B) experimental results of carbon content vs. experimental days. The density in (A) is shown as 100 fractions between 15 and 40 for 100,000 iterations. The closed circle and error bar in (B) indicate the mean and 1 standard deviation, respectively. Experimental and statistical results for Cu, Zn, Cd, and Pb vs. carbon content are shown in (C), (D), (E), and (F). In these figures, closed circles, and solid and dashed lines indicate experimental results, and the mean and 95% credible interval, respectively. These statistical analyses were performed by log-transformed data, but results are shown in normal scale.](pone.0157983.g005){#pone.0157983.g005}

Copper and lead significantly increased with increasing decomposition, i.e. decreasing carbon content (negative *β*~2~, see [Table 1](#pone.0157983.t001){ref-type="table"}), whereas Zn and Cd decreased (positive *β*~2~). For Cu the increase was approximately 2- or 5-fold with decreasing carbon content ([Fig 5C](#pone.0157983.g005){ref-type="fig"}, and see [S5 Table](#pone.0157983.s008){ref-type="supplementary-material"}) and more than 10-fold for lead ([Fig 5F](#pone.0157983.g005){ref-type="fig"} and [S5 Table](#pone.0157983.s008){ref-type="supplementary-material"}), whereas the decrease in concentration of zinc was a few fold ([Fig 5D](#pone.0157983.g005){ref-type="fig"} and [S5 Table](#pone.0157983.s008){ref-type="supplementary-material"}) and more than 10-fold for cadmium ([Fig 5E](#pone.0157983.g005){ref-type="fig"} and [S5 Table](#pone.0157983.s008){ref-type="supplementary-material"}). The decomposition experiment showed an apparent difference in the distribution of copper in EX3 compared to other experiments, whereas differences were not apparent for Zn, Cd, and Pb. This would be caused by the variability in concentrations in eelgrass leaves (zinc and cadmium) and by the relatively extreme variations during decomposition (cadmium and lead).

10.1371/journal.pone.0157983.t001

###### Mean and 95% credible interval (CI) of parameters for the model of decomposition experiments.

![](pone.0157983.t001){#pone.0157983.t001g}

                       *β*~1i~   *β*~2i~   *σ*~*i*~^2^                                                                
  ---- --------------- --------- --------- ------------- ------- -------- -------- ----- -------- ------ ------ ----- ------
  Cu   EX1 (*i* = 1)   4.23      3.80      ---           4.70    −0.120   −0.145   ---   −0.097   0.08   0.05   ---   0.14
       EX2 (*i* = 2)   4.12      3.79      ---           4.45    −0.105   −0.123   ---   −0.087   0.03   0.02   ---   0.04
       EX3 (*i* = 3)   3.88      3.34      ---           4.39    −0.037   −0.054   ---   −0.019   0.07   0.04   ---   0.12
  Zn   EX1 (*i* = 1)   3.59      3.17      ---           3.98    0.025    0.005    ---   0.047    0.04   0.03   ---   0.08
       EX2 (*i* = 2)   2.90      2.65      ---           3.15    0.089    0.075    ---   0.102    0.01   0.01   ---   0.02
       EX3 (*i* = 3)   3.03      2.34      ---           3.66    0.071    0.050    ---   0.094    0.14   0.08   ---   0.24
  Cd   EX1 (*i* = 1)   −6.68     −7.55     ---           −5.78   0.237    0.189    ---   0.283    0.38   0.23   ---   0.65
       EX2 (*i* = 2)   −6.81     −7.43     ---           −6.18   0.276    0.242    ---   0.309    0.08   0.05   ---   0.14
       EX3 (*i* = 3)   −6.53     −7.55     ---           −5.46   0.204    0.168    ---   0.238    0.34   0.20   ---   0.57
  Pb   EX1 (*i* = 1)   4.73      4.13      ---           5.35    −0.238   −0.270   ---   −0.206   0.11   0.06   ---   0.18
       EX2 (*i* = 2)   5.65      4.80      ---           6.41    −0.277   −0.318   ---   −0.232   0.11   0.06   ---   0.18
       EX3 (*i* = 3)   4.04      3.16      ---           4.93    −0.168   −0.198   ---   −0.139   0.16   0.09   ---   0.27

Discussion {#sec018}
==========

Our mesocosm experiment showed that concentrations of trace metals increased with an increase in marine organisms in the surface sediment of eelgrass bed. Zinc and cadmium concentrations in eelgrass leaves decreased during decomposition but still remaining higher in concentration than in the original sediments. Conversely, the increase in copper and lead in the surface sediment was caused by the metals in the decomposed eelgrass leaves; more than 2-fold in copper and approximately 10-fold increase in lead was observed in eelgrass leaves during decomposition. These findings show that copper and lead can accumulate in seagrass beds through primary productivity, and the changes in sediment quality may have negative impacts on ecosystems in coastal areas.

Decomposition processes {#sec019}
-----------------------

The increase in copper and lead in decomposed leaves could be a result of three scenarios: (i) an accumulation in the leaf; and two passive concentration increases, (ii) that sedimentation derived from the water column accumulated in the decomposed leaves and increased the concentration, or (iii) that the increase was a result of tissue loss that did not bind the metals. However, the probability of increasing concentration by sedimentation from water column was low in this experiment because of no significant trend with marine organisms in the surface sediment in the reference pool. In addition, the scenario of tissue loss that did not bind the metals would not be acceptable because a 2-fold increase in sediment metal concentrations requires massive losses of tissues that do not bind to metals. Thus, it is most likely that the concentrations increased by the accumulation of metals in decomposed leaf tissue. Decreases in zinc and cadmium during leaf decomposition could be caused by metals leaching from the leaf by physical and biophysical decomposition.

Accumulation of copper and lead in decomposing leaves may occur through biophysical fragmentations in the leaves, such as shredding by invertebrates, which increases the surface area of the leaves \[[@pone.0157983.ref036]\], and biofilm development results in a high concentration of metals \[[@pone.0157983.ref006]\]. These metals detected in seawater ([S3 File](#pone.0157983.s003){ref-type="supplementary-material"}) may support the idea that the metals accumulated in decomposed leaves originated from the water column. Conversely, the decreases in zinc and cadmium in this experiment suggest that the leaching from decomposing leaves was stronger than their accumulation potentials, in spite of the fact that these metals accumulate in leaves under freshwater conditions \[[@pone.0157983.ref036]\]. In addition, zinc and cadmium are known to be at relatively low concentrations in dissolved organic matter containing humic substances in comparison to copper and lead \[[@pone.0157983.ref038], [@pone.0157983.ref039]\]. The properties of humic substances may cause different trends in trace metal concentrations in the decomposing leaves.

The difference in distributions of copper could be related to the higher WRE in EX1 and EX2 than in EX3, and to 4-fold lower copper concentration in epiphytes than did eelgrass leaves ([Fig 2C](#pone.0157983.g002){ref-type="fig"} and [S3 Table](#pone.0157983.s006){ref-type="supplementary-material"}). The higher WRE in EX1 and EX2 would be caused by the high growth of epiphytes at the higher experienced water temperature \[[@pone.0157983.ref018]\] (see [S1 Table](#pone.0157983.s004){ref-type="supplementary-material"}).

In the estimation of the WRE, we used four elements, however, the distributions of δ^13^C, N, and δ^15^N were not clear-cut. Because carbon content showed apparent differences between sources compared to variability in each source, it would be the most important measure for estimating accuracy. In addition, because carbon content showed a relatively low standard deviation on an annual average ([S3 Table](#pone.0157983.s006){ref-type="supplementary-material"}), elements in eelgrass leaves, the use of data from the previous year for EX2 and EX3, would not cause significant problems in estimating accuracy. Similar results between two combinations of elements ([Fig 4E](#pone.0157983.g004){ref-type="fig"}), at least, showed the ineffectiveness of nitrogen content and δ^15^N in the estimation of accuracy.

Effects of leaf decomposition on sediment {#sec020}
-----------------------------------------

Carbon and nitrogen contents increased with increasing δ^13^C in the surface sediment in the eelgrass and reference pools, whereas there was relatively low variability in the bottom sediments. These results demonstrate that the surface sediments originated from sedimentations by marine organisms in both pools, and that the original sediment of the mesocosm experiment still remained in the bottom sediments. The stable isotope ratio of carbon, δ^13^C, in surface sediment in the reference pool had greater variation than in the bottom sediment, and this would be caused by benthic organisms such as marine microphytobenthos, which have between --14 and --17‰ δ^13^C \[[@pone.0157983.ref033]\]. Conversely, the sedimentation was most likely caused by eelgrass leaves and epiphytes due to the high productivity of eelgrass \[[@pone.0157983.ref028]\] and comparable biomass in epiphytes ([Fig 4](#pone.0157983.g004){ref-type="fig"}) in the eelgrass pool. The mixture of eelgrass leaves, epiphytes, and microphytobenthos would result in δ^13^C in the surface sediment in the pool.

No significant trends with increasing δ^13^C in the surface sediment in the reference pool means that benthic organisms were thought to have similar metal concentrations as the original sediment or no significant biomass. The result in the reference pool can explain that the increase in trace metal concentrations with increasing δ^13^C in the surface sediment in the eelgrass pool would occur due to shed eelgrass leaves with epiphytes. The increase in copper in the eelgrass pool can be explained by higher concentrations in eelgrass leaves than in the original sediment and the increase during leaf decomposition. Lead concentrations were lower in eelgrass leaves than in the original sediment. However, a 10-fold increase in lead during leaf decomposition would increase its concentration in the surface sediment. Zinc and cadmium concentrations in eelgrass leaves decreased during decomposition, and their levels were close to that of the original sediment. However, leaves that still remained that were higher zinc and cadmium would cause the increase with increasing δ^13^C. No significant variations in trace metals among sediments suggest that accumulation of trace metals in the surface sediments may be dependent on the decomposition stages of shed leaves and their biomass.

Interpretation of the results of mesocosm experiments {#sec021}
-----------------------------------------------------

The growth of the eelgrass population in this experiment showed similar seasonal patterns of shoot density and shoot size to natural populations in central Honshu, Japan \[[@pone.0157983.ref026]\], under conditions of sediment and seawater that were taken from Tokyo Bay, where eelgrass is distributed \[[@pone.0157983.ref024], [@pone.0157983.ref040]\]. Therefore, this mesocosm experiment would simulate a natural eelgrass growth and natural eelgrass ecosystem except for physical effects. In natural eelgrass beds where the shed leaves are transported by currents and waves \[[@pone.0157983.ref041], [@pone.0157983.ref042]\], and where the leaves are washed along the coast, which could delay the decomposition of leaves \[[@pone.0157983.ref043]\], increasing concentrations of trace metals in surface sediment may not occur. However, the seagrass beds, which can efficiently store primary productions \[[@pone.0157983.ref009]--[@pone.0157983.ref011]\], may accumulate trace metals in the sediment \[[@pone.0157983.ref002]\]. Although increased copper and lead concentrations in the eelgrass mesocosm were still lower than the concentrations that have been suggested to affect benthic community health \[[@pone.0157983.ref004]\], they could be achieved that have negative impacts on benthic community health and faunal community structures in the ecosystems \[[@pone.0157983.ref005]\] if sedimentation by eelgrass production permits the storage of trace metals in sediments.

In summary, mesocosm experiments showed a distribution of trace metal elements and their trends during leaf decomposition. Copper and lead concentrations that increased in the surface sediment of the eelgrass bed would result in their accumulation in decomposed shed eelgrass leaves and epiphytes. Conversely, zinc and cadmium concentrations that decreased during leaf decomposition increased in the surface sediment because of leaves that still contained higher zinc and cadmium. In the natural field conditions under which the primary production of seagrass beds is efficiently stored, eelgrass leaves can be a source of copper and lead cycling in eelgrass ecosystems by accumulating after shedding and decomposing.
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